Magnetic susceptibility contrast-enhanced and diffusion-weighted echo planar magnetic resonance (MR) imaging was performed using a cat model of acute regional cerebral ischemia induced by partial stenosis of the right middle cerebral artery (MCA). The imaging data were correlated with triphenyltetrazolium chloride (TTC)-stained histopathologic coronal brain sections to determine the prognostic efficacy of high-speed MR im aging techniques in differentiating mild, moderate, and severe cerebral hypoperfusion. Brains of animals without cortical injury on TTC staining were found to have a re duction in peak contrast enhancement of 32 ± 6% (mean ± SD) below control values with no significant change in the apparent diffusion coefficient (ADC), determined from the diffusion-weighted MR images. In cases where moderate ischemic injury was observed in the TTC stained sections, a 10-20% drop in the ADC was found over the 6-h study period, accompanied by a much wider Although complete blockage of CBF results in irreversible brain injury, in most cases some collat eral flow is recruited from other arterial sources, resulting in somewhat attenuated cerebral hypoper fusion. The extent of cerebral perfusion salvage through collateral flow may or may not be sufficient to ensure normal neuronal and glial cell function. Numerous interactive factors, including cerebral blood volume, cerebral metabolic rate of oxygen, and glucose utilization, jointly determine whether
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the regional CBF is sufficient to preserve tissue vi ability. Incomplete or transient cerebral ischemia thus generally has less predictable consequences than total ischemia (Ginsberg, 1990) .
In the present study, a combination of perfusion-, and diffusion-, sensitive magnetic resonance (MR) imaging was used to evaluate the relationship be tween the severity of regional cerebral ischemia and the degree of histopathologic tissue damage in the parietal cortex, as determined by triphenyltetra zolium chloride (TTC)-stained histological sec tions. Histochemical mapping of electron transport chain enzyme viability with TTC has previously been shown to spatially map the extent of ischemic brain damage (Kucharczyk et ai., 1989) . Diffusion weighted images have also been correlated with his tochemical analysis by Van Bruggen et ai. (1 992). The diffusion-weighted images were used to con struct a spatial map of the apparent diffusion coef ficient (ADC) of water, a decrease in which has been shown to be a sign of early-onset stroke (Moseley et al. , 1990a,b; Knight et al. , 1991 ; Mint orovitch et al. , 1991 ) . Decreased ADC has been as sociated with cytotoxic edema (an increase in intra cellular water content, where molecular diffusion may be more limited than in the extracellular space) (Moseley et al. , 1990b) .
METHODS
All studies involving animals were performed using a protocol approved by the UCSF Committee on Animal Research.
Partial obstruction of the middle cerebral artery (MCA) was produced in 11 young adult mongrel cats using a 6-0 TI-CRON suture positioned just proximal to the origin of the lateral striate arteries. Initially the animals were anes thetized with sodium pentobarbital (35 mg/kg i. v.). Arte rial and venous femoral catheters were inserted for blood gases and pressure measurement and for contrast agent administration. Following surgery the animals were at tached to a respirator and anesthesia was maintained with a mixture of 1-2% isoflurane in 30% oxygen 1 70% nitrous oxide. The head of the animal was held securely inside a radiofrequency coil. Body temperature was maintained with a circulating water jacket kept thermostatically at 37°C. Arterial blood gases and mean arterial blood pres sure were monitored throughout the protocol.
Imaging experiments were performed on a GE 2-T Omega CSI system (Bruker Instruments, Fremont, CA, U.S.A.) equipped with GE Acustar S-150 self-shielded gradients (20 G/cm, 15-cm i.d.) . A home-built 9-cm-i.d. volume birdcage radiofrequency coil was used in all stud ies. Echo planar (Mansfield, 1977) imaging was per formed using a modification of the MBES T sequence. Stejskal-Tanner diffusion-sensitizing gradients (Stejskal and Tanner, 1965) of strengths up to 11 G/cm were em ployed to obtain diffusion-weighted images with "b val ues" in the range of 0-2,420 s/mm 2 • All images were ac quired with a 70-mm field of view, 6-mm slice thickness, and 128 x 128 matrix size. The echo time (TE) was 80 ms with a total acquisition time of 82 ms; eight averages were acquired per diffusion-weighted image with a 4-s repeti tion time (TR). Half-sine-shaped diffusion-sensitizing gra dients were used with a duration (8) of 15 ms and a sep aration (�) of 40.5 ms. Sixteen contrast-enhanced images were acquired at 2-s intervals following bolus (1-s) intra venous injection of 0.25 mmol/kg dysprosium diethylene triaminepentaacetic acid bis(methyl amide) (DyDTPA BMA) (Sprodiamide injection, Sterling Winthrop; S043 Nycomed Salutar). A complete series of diffusion weighted and contrast-enhanced echo planar images were obtained at hourly intervals for 6 h following surgery.
Spatial "maps" of the ADC were generated by pixel by-pixel logarithmic regression analysis of the diffusion weighted images, assuming an exponential loss of signal dependent on the product of the ADC and the image b value (LeBihan, 1990), S oc exp ( -bD), where D repre sents the ADC.
The spatial and temporal variation of the contrast agent transit was observed by viewing each set of sequentially acquired images in a short movie loop. The imaging re sults were compared with complementary images, with the precontrast baseline image subtracted to show only changes in signal intensity.
Signal intensity variations during transit of the contrast agent were obtained for representative regions of interest (ROIs), and these were transformed into plots of �2* vs. time according to the following approximate relation:
where �2 * is the change in effective transverse relax ation rate (Belliveau et aI., 1990; Rosen et aI., 1990) re sulting from the presence of the magnetic susceptibility contrast agent; Set) is the image intensity at time t, inte grated over the ROI; and TE is the image echo time. S(O)
is thus the precontrast baseline signal intensity. Numeri cal fitting of the �2 * curve to the gamma-variate form was performed to reduce effects of recirculation of the contrast agent and to estimate more precisely the peak �2 * effect (Belliveau et aI., 1990) . It has been shown (Villringer et aI., 1988; Belliveau et aI., 1990; Rosen et aI., 1990 ) that the quantity �2 * may be considered directly proportional to the regional concentration of magnetic susceptibility contrast agent and thus allows the passage of the bolus to be traced. Since the peak value of �2 * is dependent upon the nature of the bolus injection itself and also the individual physiological state of the animal, and since it is, in fact, the change in the ischemic tissue rel ative to the contralateral normal tissue that is of principal interest, the ratio of the peak �2 * effect in ischemic to control tissues can be calculated as a measure of the per fusion deficit in the ischemic tissues. Correspondingly, the ADC ratio of ischemic to normal tissues is generated for the same ROIs. At the conclusion of the MR protocol, 15 mllkg of a 2% solution of TTC was slowly infused intracardially. The brain was removed from the cranium after 15 min im mersed in 2% TTC solution for another 15 min, and ' then stored overnight in 10% buffered formalin in a light shielded container. Twenty-four to thirty-six hours later, the brain was sectioned coronally at 3 to 4 mm slices and examined for histologic evidence of ischemic damage.
RESULTS
The effects of MCA stenosis on the brain were evaluated by comparing the contrast-enhanced and diffusion-weighted images. Changes in !lR 2 * follow ing bolus injection of DyDTPA-BMA were com pared with changes in ADC values for ROls in the normal and ischemic parietal cortex. All values of ADC and !lR 2 * are expressed as means ± SD.
On contrast-enhanced echo planar images ac quired prior to MCA stenosis, bolus administration of DyDTPA-BMA produced a transient, bilaterally symmetrical loss of signal in both cerebral hemi spheres, with no delay in peak effect between the two hemispheres. The severity of ischemic brain damage was categorized as mild, moderate, or se vere, based on the appearance of the MCA territory in TTC-stained histological sections. Grading of the TTC staining in relation to the corresponding MR imaging results was carried out in a double-blind experimental design.
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Mild ischemic injury
The injury was graded as mild if there were no observable differences in TTC staining between the left (normal) and right (ischemic) parietal cortex. In these cases (n = 4), diffusion-weighted MR images showed no detectable hyperintensity in the MCA territory even after 6 h of stenosis. Consequently, no significant drop in the ADC was observed from the prestenosis value of 0.77 ± 0.08 x 10-5 cm 2 /s. Even after 6 h of stenosis, the ADC value for ROIs in the ischemic parietal cortex was found to be 0.78 ± 0.1 4 x 10-5 cm 2 /s compared with 0.81 ± 0.09 x 10-5 cm 2 /s in the contralateral normal tissue. The peak effect of the contrast agent was found to be slightly reduced in the ischemic territory compared with the contralateral tissues: After 1 h of stenosis, the peak contrast-enhanced signal loss was 47.5 ± 10.7% in the ischemic parietal cortex compared with 52.5 ± 7.8% in the contralateral tissues. After 6 h of stenosis, the peak signal loss was 42.5 ± 6.6% in the ischemic territory and 55.0 ± 10.4% in the control hemisphere.
These results suggest that mild hypoperfusion could be tolerated for this period of time without giving rise to a detectable change in the tissue ADC or abnormalities in TTC staining. An example of this type of injury is shown in Fig. 1, whereas 
Moderate ischemic injury
This type of injury (n = 4) was characterized by reduced TTC staining of the ischemic parietal cor tex relative to the normal tissue and mild hyperin tensity of the ischemic parietal cortex in diffusion- weighted images, with a corresponding drop in the ADC. After 1 h of stenosis, the ADC of ischemic parietal cortex was found to be 0.71 ± 0.09 x 10 -5 cm 2 /s compared with a contralateral normal value of 0.81 ± 0.09 x 10-5 cm 2 /s. The peak t1R 2 * effect was markedly varied in this group, with a range of 18-85% of the corresponding normal tissue value after 1 ha nd 27-72% after 6 h.
Severe ischemic injury
Severe ischemic injury (n = 3) was characterized by a virtual absence of TTC staining of the ischemic parietal cortex. Hyperintensity was observed in the corresponding cortical region on diffusion-weighted images after 1 h of stenosis with an associated marked drop in ADC in the ischemic tissue. The ADC of ischemic parietal cortex was 0.39 ± 0.05 x 10-5 cm 2 /s compared with a contralateral normal value of 0.69 ± 0.05 x 10-5 cm 2 /s. In general, the ADC reduction in such cases of severe brain injury was not progressive during the course of the study: After 6 h of stenosis, the ADC of ischemic parietal cortex was 0.41 ± 0.06 x 10-5 cm 2 /s compared with a contralateral normal value of 0.75 ± 0.07 x 10-5 cm 2 /s. The peak t1R 2 * effect in the ischemic parietal cor tex was <6% of that in contralateral normal tissue after both 1 and 6 h of stenosis, indicating sus tained, severe hypoperfusion (Fig. 3) . t1R 2 * plots for ROIs in ischemic and normal tissues of a cat with severe ischemia are shown in Fig. 4 .
. ,.y : "'''' ''' " "
.' '.
" �t "
;' " . ' ;:1 , " ! l;, i (C)
Summary of results
In summary, these data suggest that mild hypo perfusion may be tolerated for at least 6 h before hyperintensity is observed on diffusion-weighted images or abnormalities are seen on TTC staining histology. The absence of TTC staining, character istic of severe injury, is closely related to a pro nounced decrease in the ADC (40-50%) in ischemic tissue and is accompanied by a marked (>95%) re duction in peak t1R 2 * effect.
Mild and moderate injury could initially (after 1 h) Fig. 3 . A clear absence of tran sit in the ischemic cortex is confirmed. !l.R2 * curves show no contrast agent-induced T2* shortening in the ischemic cor tex. Gamma-variate fitting is clearly possible only for the !l.R2 * curve from the normal parietal cortex. Analysis of variance (ANOY A) was performed for each ratio to test for significant differences between injury severity groups [graded by triphenyltetrazolium chloride (TTC) staining]. Where differences were detected. the ANOY A was followed by Bon ferroni t tests to quantify the differences.
For each column, groups with the same symbol (a . b ) are significantly different (p < 0.05), while groups with no symbol in common are not significantly different.
be differentiated on the basis of significant differ ences (p < 0.05) in the ratio of peak .lR 2 * in isch emic to normal tissues. However, after 6 h these differences were not statistically significant. Con versely, the ischemic/normal tissue ratio of peak .lR 2 * was not significantly different between mod erately and severely injured brain after 1 h but was after 6 h. Differences in the ratio of peak .lR 2 * ef fects in ischemic to normal tissues between mildly and severely injured groups were statistically sig nificant (p < 0.05) at all times.
The ratio of ADC values in ischemic to normal tissues did not show statistically significant differ ences between mildly and moderately injured groups at any time, but the differences between mildly and severely injured groups were significant after both 1 and 6 h.
These data, summarized in Table 1 , suggest that the early (1 h) appearance of the ratio of peak .lR 2 * in ischemic to normal tissue may serve to distin guish between mild versus moderate brain injury. This ratio, however, does not appear to have prog nostic utility in distinguishing between moderately and severely injured cases 1 h after arterial occlu sion.
The ratio of ADC values does not appear prog nostically useful in distinguishing mild from moder ate injury. On the other hand, ADC values can use fully discriminate between moderate and severe in jury. Figure 5 correlates the ratio of ADC values in ischemic to normal parietal cortex with the ratio of peak .lR 2 * effects in the same ROls. A close linear correlation is observed, providing evidence that hy poperfusion is directly related to the mechanism of ADC reduction in ischemic tissue.
DISCUSSION
The development of high-resolution MR imaging has greatly improved diagnostic capabilities for de- No. 6, 1993 tecting cerebral ischemia and characterizing its eti ology and pathophysiology. MR signs of cortical ischemia can be visualized within 6-1 2 h postictus on conventional spin echo images (Bryan et al., 1983; Kistler et al., 1984; Sipponen, 1984; Brant Zawadski, 1987; DeWitt et al., 1987; Bose et al., 1988; Jacobs and Brant-Zawadski, 1992) . In exper imental animal studies of regional cerebral isch emia, changes in signal intensity have been ob served within minutes of arterial occlusion on dif fusion-weighted (Moseley et aI., 1990a,b; Kucharczyk et aI., 1991; Mintorovitch et aI., 1991) and magnetic susceptibility contrast-enhanced echo planar (Wendland et aI., 1991 ) MR images. Clinical neurological outcomes in cerebral isch emia range from asymptomatic arterial stenosis to disabling permanent stroke symptoms. While MR imaging has proven extremely useful in visualizing permanent cerebral infarction, it has so far failed to demonstrate reproducible utility in the evaluation of reversible cerebral ischemia. Recurrent, short-lived episodes of focal neurologic deficit, such as the transient ischemic attack and reversible ischemic neurologic deficit, are now viewed as a continuum of clinical conditions that reflect disrupted CBF ho meostasis (Truwit and Kucharczyk, 1992) . Clini cally available MR imaging methods show no evi dence of ischemia in either transient ischemic at tack or reversible ischemic neurologic deficit (Truwit and Kucharczyk, 1992) . Nor has MR imag ing been able to reliably differentiate acutely isch emic (and potentially reversible) from irreversibly infarcted tissue.
The extent and severity of brain damage resulting from cerebral ischemia are decided largely by the degree and duration of perfusion disturbance (Heiss, 1983) . Studies in cat (Kucharczyk et aI., 1989) and primate (Morawetz et aI., 1978) models of MCA occlusion have shown that brain cells can tol erate brief periods of marked ischemia without ev idence of permanent damage. When local blood flow falls below � 20 ml 100 g -1 min -I , however, tissue injury begins to occur (Ginsberg, 1990) . Spontaneous and evoked electrical activity of indi vidual neurons ceases within seconds at CBF levels of 16--18 mllOO g brain tissue -I min -I (Heiss, 1983; Heiss and Rosner, 1983) . A diminution in local CBF to <12 ml 100 g-I min-1 lasting >2 h produces focal infarction (Morawetz et aI., 1978) . In addition, the extent of reperfusion is known to have a signif icant impact (Raichle, 1983; Hossmann et aI., 1988; Siesjo and Bengtsson, 1989; Choi, 1990; Ginsberg, 1990) .
The results of this study suggest that the T2* shortening (D.R 2 *) effect of magnetic susceptibility contrast agents such as DyDTPA-BMA may facili tate the differentiation of tissues that are mildly, moderately, and severely hypoperfused based on the degree of signal loss resulting from passage of a bolus of the contrast agent. Mild hypoperfusion of long duration did not result in any observable pallor of TTC staining of brain tissue, whereas moderate hypoperfusion was associated with abnormal histo pathologic outcome. Severe hypoperfusion of the same duration produced a marked abnormality of staining on TTC-stained sections, indicating severe ischemic injury.
In principle, the time integral of D.R 2 * can be used to determine the regional cerebral blood volume, although this requires knowledge of the time integrated arterial input function (Rosen et aI., 1990) . The relative regional cerebral blood volume may be estimated from the asymptotic "tail" of the D.R 2 * curve, which retains a residual level due to the net accumulation of contrast agent in the blood after the bolus passage and several recirculations. Re gional cerebral blood volume may also be approxi mated from the peak contrast enhancement effect, i.e., the maximum value of the D.R 2 * curve. While this latter measurement is influenced by the char acteristics of each individual bolus administration, the ratio of peak effects in different tissues may give an indication of relative regional cerebral blood vol umes.
In summary, DyDTPA-BMA-enhanced first-pass echo planar MR imaging was able to detect cerebral perfusion deficits that were below the ischemic threshold for alterations in the apparent diffusion coefficient. Perfusion-sensitive imaging may there fore be diagnostically useful for the evaluation of clinical disturbances associated with mild or tran sient cerebral perfusion deficits.
